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CHAPTER 1. 
GENERAL INTRODUCTION 
Thesis Organization 
This thesis contains three chapters. Chapter one summarizes the previous work in 
the field of biosorption and is a general introduction. Chapter two is an article to be 
submitted to Envrironmental Science and Technology and is a summary of the 
investigation into the biosorption of mercury(II) by two strains of cyanobacteria, 
including the effect of co-ions and the possibility of regeneration of the biosorbents. 
Chapter three consists of general conclusions and future work. 
Biosorption 
The removal of toxic metals from wastewater is of great scientific interest because 
many industrial processes produce significant amounts of these metals. Biological 
materials, such as fungus, algae and peat moss have shown promise as possible 
adsorbents for heavy metals. 1 Heavy metal species tend to persist and accumulate 
through the food chain and are a great environmental threat to the biota. I,2 Due to the 
strictness of environmental regulations, industrial waste management has become a 
priority.3 Because of their potential low-cost and high metal-binding capacity, 
biosorbents are conceivably a better alternative to previous physical and traditional 
chemical removal of such metals such as precipitation or concentration. 4 Traditional 
methods either are too costly or are unable to remove trace metals to a satisfactory 
2 
concentration. The use of biomass for the uptake of metals is also advantageous due to 
its potentially lower impact on the environment to which it is introduced. 
Background 
Biosorption is defined as the sequestration of metal ions by materials of biological 
origin. 5'6 The biosorption process involves the sorbent (solid phase biomass) which is 
contained within a liquid phase (solvent) and the sorbate (metal ions). Because the 
sorbate has a certain affinity for the sorbent, it is bound to the biomass by different 
mechanisms. Metal sequestration by various parts of the cell can occur via complexation, 
coordination, chelation, ion exchange, adsorption or inorganic microprecipitation. 7 The 
mechanism may occur by one or more of these metal-binding mechanisms, and may 
immobilize one or more metallic species to various degrees. 8 Generally, the metal ions 
are attracted to negatively charged donor sites on the surface of the cell. These sites 
include phosphate, carboxylate, sulfhydryl, amide and hydroxyl groups present on the 
cell's membrane proteins. 9•10 Langley and Beveridge11 showed that metals bind most 
likely to phosphate groups, and the negatively charged protein side chains influence their 
ability to bind to bacteria. 
The amount of metal species uptake by sorbent (q in mg Mx+ lg of dry sorbent) is 
determined by the mass balance shown in equation ( 1) where C; and Ct are the initial and 
final concentration in ppm of the metal ion respectively. V is the volume in liters of 
solvent used, and S is tQ.e dry weight in grams of biomass added. 
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The adsorption process involves the simultaneous uptake and release of metal 
ions from the sorbent surface as seen in figure IA. When the sorbent is fresh (figure IB), 
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Figure 1 The adsorption-desorption process. 
there is an initial flux toward the surface. At equilibrium, the adsorption and desorption 
rates are the same. The amount of sorbate on the surface depends on pH, temperature, 
initial concentration and other possible sorbates present in the solution. 
Adsorption isotherms are an efficient way to describe the affinity of a sorbate for 
the sorbent. Generally there are three models most often used to describe the biosorption 
of metals; the Langmuir Model, the Freundlich Model and the Ion Exchange model. 
Figure 2 illustrates the difference 
between the Langmuir Adsorption 
Model and Ion Exchange. 12 The 
Langmuir Model assumes several 
things: a fixed number of 
adsorbtion sites, uniformity of the 
adsorbtion sites, only one sorbate 
present, only one sorbate molecule 
Figure 2 Adsorption and ion-exchange models. u 
interacts with an active site, and finally that there is no interaction between adsorbed 
species. 12 The Langmuir equation (2) consists of a coefficient b = 1/K, which is related 
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to the affinity of the sorbent for the sorbate. This coefficient can be determined using the 
initial slope of a Langmuir Equilibrium Sorption Isotherm where the final concentration 
(Cr) is plotted against metal uptake (q). 
(2) 
The Freundlich Isotherm relationship is another common model used to describe 
biosorption (equation 3). The Freundlich model does not give a finite uptake capacity 
therefore is limited to those systems with low Crvalues. 12 
kC 
(1/n) 
q= f (3) 
There have been several independent investigations that have led to the 
conclusion that the mechanism for metal adsorption by fungus 13, algae14' 15 and peat 
moss16 is primarily an ion exchange mechanism that is described by the following 
equilibrium equation 17: 
A 2+ + [B-biomass]<=>B 2+ +[A-biomass} (4) 
A in the equation is the free ion in solution, this may be a metal ion or any other 
cation present. The nature of B in equation ( 4) depends on how the biomass was 
prepared. Volesky and Kratochvil showed that the biomass can be made in various ionic 
forms such as a Ca-form and a H-form.18 Equation (4) leads to the equilibrium constant 
shown in equation (5). The equilibrium constant can be found from the slope of the plot 
of 
5 
concentration versus uptake. The overall capacity ( Q) can then be expressed as Equation 
(6). 
Mercury Remediation 
There are only two approaches found in the literature for Hg2+ remediation using 
biosorption techniques. Wagner-Dobler showed that a mercury resistant strain of bacteria 
was able to reduce Hg2+ to Hg0 during the electrolytic production of chlorine. 19 
Additionally, MerR, a metalloregulatory protein that exhibits a high affinity and 
selectivity towards mercury, has been attached to the surface of a microbe and used as a 
biosorbent for mercury remediation. 20 In both cases, living biomass was used which 
limits the treatment of waste from severe conditions such as high pH and salt 
concentrations. In some cases, non-living biomass has been shown to perform better than 
their live counterparts.21 However, Costa and Franca demonstrated that uptake by live 
Spirulina maxima Cells was more pronounced than in non-living cells. 22 Mercury can 
also be detected in yeast cells grown in the presence of HgCh,23'24 which is evidence that 
mercury can be internalized by certain cells. 
In choosing an appropriate microorganism for this project, the criteria used 
included resistance and tolerance to a metal ion of interest.25 Cyanobacteria are found to 
naturally contain Hg2+ along with other heavy metal ions within their polyphosphate 
bodies. 26 For example, Darnall reported the Ch/ore/la vulgaris, a strain of cyanobacteria, 
strongly binds Hg2+ at pH 2.0.27 Cyanobacteria's natural affinity for Hg2+ and its ability 
to adapt to extreme conditions suggests that it may have utility in the development of a 
useful biomass that can be developed for the remediation of mercury. 
6 
The following chapters describe the investigation of two specific strains of 
cyanobacteria, Aphanothece flocculosa and Spirolina platensis, as new biosorbent 
materials for the remediation ofHg2+. 
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CHAPTER 2. 
Cyanobacteria as a Biosorbent for Mercuric Ion 
A paper to be submitted to Environmental Science and Technology 
Amber Cain, Raveender Vannela, L. Keith Woo* 
Abstract 
In this study, two strains of cyanobacteria were able to remove mercury(II) from 
solution. Batch stirred experiments were conducted to determine overall capacity of each 
strain. Spirulina platensis and Aphanothece floccu/osa gave maximum uptake values of 
428 mg and 456 mg Hg2+ per gram of dry weight biomass, respectively. At a 
concentration of 10 ppm Hg2+, A. floccu/osa was able to remove more than 98% of the 
mercury from solution. Both strains had an rapid initial uptake (15-30 min) with a slower 
second phase of adsorbtion. Each strain performed optimally at pH 6. Analysis of the 
uptake data was used to determine the best adsorption model for each strain. All of the 
mercury(II) was reclaimed from the metal laden S. platensis and A. floccu/osa by treating 
the strains with HCl and N"aiCl, respectively. The amount of mercury removed from 
solution was improved when co-ions Co(II), Ni(II), and Fe(III), were in solution and to a 
lesser degree when Zn(II) was present. 
Introduction 
The removal of toxic metals from wastewater is of great scientific interest because 
many industrial processes produce significant amounts of these metals as byproducts. 
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Biological materials, such as fungus, algae and peat moss have shown promise as 
possible adsorbents for heavy metals ( 1 ). Heavy metal species tend to persist and 
accumulate through the food chain and are a great environmental threat to the biota (1 ,2). 
Due to the strictness of environmental regulations, industrial waste management has 
become a priority (3). Because of low-cost and potential high metal-binding capacity, 
biosorbents are a conceivably better alternative to physical and traditional chemical 
removal of these metals such as precipitation or concentration (6). These latter methods 
either are too costly or are unable to remove trace metals to a satisfactory concentration. 
The use of biomass for the uptake of metals is also advantageous due to its potentially 
low environmental impact with respect to chemical alternatives ( 4) . 
The removal of heavy metals by biomass is generally classified into two 
mechanisms (5). The first is metabolism-independent and involves cell surface binding. 
It is generally accepted that this is the main mechanism responsible for metal ion 
biosorption (1 ). The other mechanism is an intracellular accumulation. This mechanism 
is metabolism-dependent and therefore can only take place in living cells ( 6). 
Remediation of mercury(II) using biosorption techniques has not been widely 
studied. Although mercury(II) can be detected in yeast cells grown in the presence of 
HgCh, the accumulation can be toxic to the cell (7,8). A biosorbent that shows promise 
as is an inexpensive alternative to physical methods of removal such as precipitation and 
accumulation (9) is cyanobacteria. These bacteria are found to naturally contain Hg2+ 
along with other heavy metals in their polyphosphate bodies ( 10). They also strongly 
bind to Hg2+ at low pH (11) and are resistant to the presence of mercury. 
IO 
In this study, Spirulina platensis and Aphanothece jlocculosa were cultivated 
from liquid media and used individually for the uptake of mercury(II) ions in batch 
stirred experiments. The effects of pH, adsorption time and initial metal ion 
concentration were studied. The ability of several regeneration reagents to strip adsorbed 
mercury ions from the algae was also investigated. Co-ion effects were also explored. 
Materials and Methods 
Strains 
Spirulina platensis was a gift provided by Dr. Gerald Cysewski at Cyanotech Co., 
Kailua-Kona, Hawaii, and was used as received. The strain was cultivated in 200 mL of 
liquid Zarrouk's media ( 12) in a 250-mL Erlenmeyer flask. Grown under fluorescent 
lighting, the strain reached the stationary phase in about 14 days. It was collected by 
centrifugation at 15,000 rpm for 12 min and rinsed three times with distilled water to 
remove any remaining salts. The strain was stored in a refrigerator at 5 °C prior to use. 
Aphanothece flocculosa was purchased from the Department of Botany, 
University of Toronto, Toronto Canada. The strain was received on agar slants, and was 
used as received. The strain was cultivated in 200 mL of BG-11 (blue-green) media (13) 
in a 250-mL Erlenmeyer flask. Grown under fluorescent lighting, the strain reached the 
stationary phase in about IO days. It was collected by centrifugation at 15,000 rpm for 3 
min and rinsed three times with distilled water to remove any remaining salts. The strain 
was stored in a refrigerator at 5 °C prior to use. 
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To determine the dry weight of the biomass, four 50.00 mg samples of wet 
biomass were dried to a constant weight at approximately 90 °C on tared watch glasses. 
Metal Ion Binding Experiments 
In general, 50.0 mg samples of wet biomass were placed in contact with 50.0 mL 
of mercury(II) chloride solution for a duration of time determined by time dependency 
studies. All experiments were batch stirred and done in duplicate. All Hg2+ solutions 
were diluted from 1.000 x 103 ppm (1.3545 g HgCh per liter distilled water) stock 
solution. All collected samples were analyzed for remaining mercury concentration by 
atomic absorption spectroscopy (AAS). The amount of mercury(II) ions adsorbed per 
gram of cyanobacteria, Q (mg/g), was obtained using Equation 1, where C is the initial 
concentration of mercury before adsorbtion (ppm), Cr is the concentration of mercury 
remaining in solution after adsorbtion (ppm). Vis the volume of mercury solution (L) 
and Mis the mass of dried biosorbent (g). 
Time-dependency Studies for Metal Ion Binding 
A stock solution of 10.0 ppm Hg2+ was prepared and pH adjusted with NaOH to 
pH 6.00. As stated above, samples (50.0 mg) of wet, resting biomass were placed in 
contact with 50.0 mL samples of mercury(II) chloride solution. The experiments were 
conducted at room temperature (22 °C). A cell free supernatant ( 15. 0 mL) solution was 
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collected by centrifugation at intervals of 0.25 hr., 0.5 hr., 1 hr., 2 hr., 4 hr., 6 hr., and 
then every 3 hr. until the 27th hour. 
pH Profile Studies for Metal Ion Binding 
HgCh solutions (10.0 ppm Hg2+) were adjusted to appropriate pH (pH 3.00-pH 
9.00) with HN03 or NaOH as appropriate. Again, 50.0 mg of wet biomass was placed in 
contact with 50.0 mL samples of HgCh solutions at room temperature (22 °C) for an 
amount of time determined by time-dependency studies. Samples of the supernatant 
were collected by centrifugation. 
Metal Binding Capacity Studies 
Wet biomass (50.0 mg) was brought into contact with a 50.0 mL sample of HgCb 
solution for a selected duration of time. Mercury(II) chloride solutions were prepared at 
various concentrations from 10 ppm to 1000 ppm Hg2+. These solutions were adjusted to 
pH 6.00, and experiments were conducted at 22 °C. Samples of supernatant were then 
collected by centrifugation. 
Mercury Removal Using Heat-killed Cyanobacteria 
The use of heat-killed cyanobacteria was investigated by taking 50.0 mg of wet S. 
platensis and placing them in an oven at approximately 90 °C for at least 20 hr. These 
heat-killed samples were then analyzed by following the same procedure for metal 
binding capacity studies. Mercury(II) chloride solutions were prepared at various 
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concentrations from 10 ppm to 200 ppm Hg2+. These solutions were adjusted to pH 6.00. 
Samples were collected by centrifugation. 
Effect of Co-ions on the Biosorption of Mercury 
Solutions of Hg2+ (10.0 ppm) were prepared individually with one metal ion in 
equimolar concentrations. The co-ions investigated included the nitrates ofNi(II), Co(II), 
Fe(III) and Zn(II). These batch stirred experiments were pH adjusted before the second 
metal was introduced and no further adjustments were made. Biomass ( 50. 0 mg) was 
allowed to contact mercury/co-ion solutions for a predetermined duration of time at room 
temperature. Samples were collected by centrifugation. 
Desorption of Adsorbed Mercury 
In an attempt to recover adsorbed mercury and regenerate the biomass, metal 
laden biomass samples were washed with distilled water three times then exposed to 50.0 
mL of a desorption solution for 2 hr. The samples were then centrifuged, and the algae 
was washed three times with distilled water. The biomass samples were then 
reintroduced to mercury(II) chloride solution (100.0 ppm) for the predetermined amount 
of time at 22 °C. This cycle was repeated four times. Investigated desorption reagents 
included H10, HCl, HN03, H1S04, CH3COOH, ~Cl, KHC03, KN03, and CaCb all at 
1. 00 x 102 mM concentrations. 
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Analytical Methods 
Metal analyses were performed by air/acetylene flame atomic absorption 
spectroscopy (AAS) using a Varian 220 with deuterium background correction. The 
wavelength used for mercury was 253.7 nm, with a slit width of 0.5 nm. Solutions above 
400 ppm were analyzed at their original concentrations and were also appropriately 
diluted to assure linear dependence on absorbance. All samples were read three times 
and the average value computed. Calibrations were performed within a linear calibration 
range of the metal, and were performed individually for each specific experiment. 
Biomass-free controls of every metal solution were analyzed to detect any change in 
initial concentration such as contamination or precipitation. The entire difference 
between control concentration and remaining concentration in supernatant was assumed 
to be adsorbed by the biomass. 
Results and Discussion 
Time-Dependency Experiments 
Incubation times were studied in order to determine the necessary amount of 
contact time needed to reach the saturation point. S. platensis took approximately 24 h to 
reach a maximum uptake of 96.0 mg Hg2+ per g of dry biomass, whereas A. jl.occu/osa 
took approximately 14 hrs to reach a maximum uptake of 13 1. 0 mg Hg2+ per g of dry 
biomass. As seen in Figure 1, A. jl.occu/osa surpassed the maximum uptake of S. platensis 
within five hours. During the investigation of each strain, it was visually noted that A. 
jl.occulosa had smaller particles suspended in solution and was dispersed to a greater 
15 
degree than S. platensis This would provide a greater surface area exposure to the 
mercury ions and could account for the higher efficiency of uptake. All other 
experiments after this point were allowed 24 h or 14 h contact time using S. platensis or 
A. jlocculosa, respectively. 
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Figure 1. Time-dependency course of Hg2+ uptake by 
S. platensis and A. flocculosa at initial concentration of 
10 ppm; temperature: 22 °C; pH 6; biomass 
concentration: lg L-1• 
Biosorption generally occurs by two distinct processes (14,15). First there is an 
initial, rapid accumulation of the metal ion that is thought to involve binding at the 
surface. This process would be dependent on pH, but independent of metabolism. The 
second step is thought to be the internalization of the cation and is a thermodynamic 
process. This process allows for more metal ion uptake, but is much slower than the first 
16 
process (16). As shown in Figure I, A. flocculosa has a slightly higher capacity than S. 
platensis Both show a rapid initial uptake, but the second process is much more 
pronounced for S. platensis. This would indicate that uptake by A. flocculosa does not 
involve as much internalization of Hg2+ as does S. platensis although the majority of 
metal uptake appears to involve binding at the surface (89% for A. flocculosa and 68% 
for S. platensis in Figure 1 ). 
pH Profiles 
An important parameter that can dramatically effect the uptake capacity of a 
biosorbent is pH (17). The pH of the Hg2+ solution was adjusted prior to adding the 
biomass and no further adjustment was made. Initially, 0.10 M HCl was used to adjust 
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Figure 2. pH profile of Hg2+ uptake by S. platensis and 
A. jlocculosa at initial concentration of 10 ppm; 
temperature: 22 °C; biomass concentration lg L-1• 
17 
the pH, however uptake results appeared erratic. It has been shown that the concentration 
of Cr ion can effect the uptake ofHg2+ (18). As the chloride concentration increased, the 
percent of mercury that was adsorbed decreased, particularly at lower pH values. 
Therefore, HN03 was used to adjust pH to lower values. It was found that both strains 
were most efficient at pH 6.00. However, it can be observed in Figure 2 that A. 
flocculosa is more effective at lower pH values and S. platensis is more effective at 
higher pH values. At pH values between 4 and 7, A. flocculosa was able to remove more 
than 90% of Hg2+ in solution. The pH dependence can largely be attributed to the 
chemistry of various surface functional groups which are largely responsible for metal 
uptake on the cell walls of the biomass (6). Since mercury is present in free ionic form at 
lower pH, it can be assumed that the uptake must be limited by the type and state of the 
functional groups on the cell walls. Gram-negative bacteria consist of two membrane 
layers, the outer membrane has lipopolysaccharides (LPS) and phospholipids which are 
mostly composed of phosphate moieties that are able to attract metal cations (19). When 
the pH is lowered, the overall surface charge becomes more positive and inhibits the 
approach of metal ions to the cell surface. The protons present would most likely 
interfere with metal binding sites as well. At higher pH values, the overall surface charge 
will be negative and the ionic state of groups such as phosphate, carboxyl, and amino 
groups would promote interaction with metal ions (7,20). Figure 2 shows uptake is 
relatively low for S. platensis, but quite high for A. flocculosa in the pH region between 
3 and 4. This is the pKa range of various carboxyl groups (21) and suggests that these 
species probably have a greater role in mercury uptake for A. floccu/osa than S. 
platensis. The mercury uptake for S. platensis does not increase dramatically increase 
18 
until pH 5.0. Phosphate groups begin to deprotonate around pH 7 and likely play a large 
role in mercury uptake by both strains. One must also consider that as the pH rises above 
7. 0, the metal solubility is lowered and therefore the metal ion uptake appears to increase. 
In our findings, mercury concentration decreased from 11.0 ppm to 10.5 ppm when 
increasing pH from 6.00 to 9.00. This is likely due to mercuric hydroxide formation. 
Due to this limitation, amino groups, which have high pKa values, most likely play a 
smaller role simply due to a lack of availability of metal ions when these sites are 
deprotonated. 
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weight biomass. 
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Metal ion Binding Capacity 
At optimum pH value, the mercury binding capacities for S. platensis and A. 
flocculosa were 428 mg Hg2+ and 456 mg per g of dry biomass respectively at an initial 
concentration of approximately 1000 ppm Hg2+. Chojnacka et al. recently reported 
Spiru/ina sp. to have a capacity value of only 1.34 mg/g (22). Even at a lower initial 
concentration, our results show a dramatically higher uptake value. However, this value 
is not directly comparable to our results due to the more than 20 other various 
contaminants simultaneously being removed from solution. The other contaminants must 
have played a role in the inhibition of mercury uptake. A value of ca. 132 mg Hg(II)/g 
of heat-killed Pleurotus sajur caju, a white-rot fungus, was reported by Gene et al. (23) 
for the uptake of mercury. This value is still considerably lower than uptake values by 
either cyanobacteria reported here. Pseudomonas aeruginosa, a mercury resistant 
bacterial strain was able to selectively adsorb Hg2+ with a maximum uptake of 400 mg 
Hg2+/g dry cell (24). This value is comparable to our results. 
The results shown in Figure 3 indicate that metal ion uptake is dependent upon 
initial metal concentration. This effect has been observed for the bioaccumulation of 
copper and uranium by Saccharomyces cerevisiae (I 7,25). Evidence exists for the 
movement of bound mercury(II) movement from the cell wall of yeast grown in the 
presence ofHgCh to the internal cytoplasm (3,4) . This is a function of external mercury 
concentration, which suggests that when all of the sites at the cell wall are occupied, 
internalization can begin. Any external sites that become unoccupied by this process can 
then be filled with new metal ions, until an equilibrium is reached (26,27). More recently 
several independent studies have concluded that biosorption by fungus (28), algae (29,30) 
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and peat moss (3 1) occurs by an ion-exchange mechanism. Since the cyanobacteria used 
in this study were not treated in any way, it is assumed that protons occupy the external 
binding sites. Biosorption would occur by the replacement of protons by free mercuric 
10ns. 
Two adsorbtion equations were used to model the equilibrium data. The most 
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widely used isotherm equation is the Langmuir equation (Equation 2) where qs is the 
(2) 
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theoretical maximum capacity (mg of sorbate adsorbed per g of adsorbent used) for a 
mono layer, b is a constant relating to the affinity of the sorbent for the sorbate, q is mg 
of sorbate adsorbed per g of adsorbent used and C is the equilibrium concentration of the 
solute (ppm). The constants qs and b can be determined from the linearized form of 
equation 2: 
The plot of l!Cr versus liq gives a straight line of slope 1/bqs and an intercept of llqs 
(Figures 4 and 5). The Langmuir equation is applicable to homogeneous sorption and the 
constants were calculated and presented in Table I. 
The Freundlich expression is based on sorption on a heterogeneous surface and is 
represented by Equation 4, where b and n are the characteristics of the Freundlich 
expression. Equation 5 represents the Freundlich equation in linear form. 
- bC c11n) q- f (4) 
1 
log q = log b + - log C 1 ( 5) fl 
A plot of log Cr versus log q gives a straight line with a slope of lln and an 
intercept of log b (Figures 6 and 7). The calculated constants are presented in Table I. 
Table 1. Isotherm model constants for biosorption of Hg2+ from aqueous solution. 
Biosorbent Langmuir Freundlich 
qs b fl b 
Spirulina 454.5 0.0234 3.765 81.43 
plateflsis 
Aphaflothece 454.5 0.0328 5.672 141.61 
flocculosa 
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The correlation regression coefficients derived from fitting the uptake data 
indicate that S. platensis follows the Langmuir equation, but the adsorption process of A. 
flocculosa is better described by the Freundlich model. 
Mercury (II) Binding by Heat-Killed S. platensis 
Non-living biomass has been shown to perform better than living microbes or 
conventional waste water treatment processes such as chemical precipitation, ion-
exchange resins, membrane filtration or electrochemical separation (32). However, there 
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Figure 8. Mercury adsorption by resting and 
heat-killed S. platensis at pH 6; temperature 22 
°C; 2.6 mg dry weight biomass at various Hg2+ 
concentrations; 24 hr. contact time. 
is also evidence to the contrary. Costa and Franca demonstrated that uptake of 
mercury(II) ion by live Spirulina maxima cells was more pronounced than in non-living 
cells, and this was the usual case for cyanobacteria (33). Figure 8 shows that the resting 
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S. platensis cells do indeed out perform the heat-killed S. platensis cells by more than 
50%. Due to these results and the findings of Costa and Franca, this experiment was not 
conducted with A. flocculosa at this time. 
Effect of Co-ions on the Adsorption of Mercury 
To obtain a more complete understanding of how cyanobacteria would function in 
an industrial application, effects due to the presence of other metal cations on the 
adsorbance of mercury was investigated. The results in Figure 9 and 10 show that co-
ions had a synergistic effect on the uptake of mercury by S. platensis and A. jlocculosa. 
The results also show that both species of cyanobacteria have a selectivity towards 
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mercury. This observation may be attributed to the accumulation of co-ions by different 
mechanisms (13). In other words, the presence of another cation in solution will not 
necessarily occupy the same cell surface sites that have high mercury affinity. If this is 
the case, then once a co-ion is bound to the surface of the cell, more mercury binding 
sites could be exposed and attract mercury to a greater degree.An alternative explanation 
involves possible binding of chloride ion with the co-ions. For example, the 
concentration of chloride ion was varied from 0.5 mmol to 2.5 mmol without the 
presence of any co-ion. With increased chloride concentration, the uptake of mercury (II) 
at pH 6.0 lowered from 96 mg/g to 30 mg/g using S. platensis. If the co-ions form 
complexes with the chloride ion this may lessen the negative chloride effect. However, 
chloride binding constants for the co-ions investigated here are relatively low with 
respect to mercury(II) (34). It is therefore more likely that the co-ions are assisting 
exposure of mercury attracting sites. 
Multiple-Cycle Regeneration 
The ability of a biosorbent to be reused affects the economics of the biosorption 
technology. In this study we reused both strains of cyanobacteria several times after the 
adsorbed mercuric ions had been desorbed. Table 2 shows the reagents which were 
screened for regeneration ability. HCl and NHiCl were chosen for further 
experiments because their removal capability was the most efficient. The results of 
multiple cycles, using the two chosen reagents can be seen in Figure 11 (A-D). 
Although S. platensis showed minimal regeneration ability, uptake by A. flocculosa 
actually increased after the first cycle when NHiCl was used to desorb mercury. 
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Similarly, copper(II), nickel(II) and lead(II) ions can be efficiently removed from 
Synnechococcus sp. with 0.1 M HCl (35). There was a minimal loss of biomass after each 
collection cycle. The dramatic decrease in performance observed in the second cycle for 
S. platensis (from 300 mglg to 195 mglg in Figure llA) is most likely due to this mass 
loss and, in part, by cell damage from the regeneration cycles. The loss was dramatically 
less for the A. flocculosa because it collected in the centrifuge tube more efficiently. The 
increase in mercuric ion uptake for A. flocculosa is probably due to the exposure of more 
binding sites during the desorption with NHiCI. Nearly 100% recovery of mercuric ion 
from both strains was achievable with HCI. 
Table 2. Screening of Reagents for Regeneration of 
Biomass. 
biosorbent regeneration % of adsorbed mercury 
reagent desorbed into regeneration 
reagent 
Distilled water- 10.9% 
0.1 MHCI 72.1% 
0.1 MH2S04 31.5% 
0.1 M CH3COOH 37.3% 
0.1 MNI4Cl 85.0% 
0.1 MKHC03 47.7% 
0.1 MHN03 16.1% 
0.1 MKN03 8.0% 
0.1 MCaCh 19.0% 
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Figure 11. Regeneration cycles using the most efficient reagents to remove mercury from 
biomass. (A) S. platensis eluted with HCI; (B) S. platensis eluted with NH4CI; (C) A. flocculosa 
eluted with HCI; (D) A. flocculosa eluted with NH4CI. Percent of mercury desorbed denoted 
above each desorption cycle. 
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The results of this study confirm the ability of A. flocculosa and S. platensis as 
efficient biosorbents for the sequestration of mercuric ion from contaminated water. 
Both strains are capable of accumulating more mercuric ion than other biosorbents cited 
within this manuscript. Biosorption of Hg2+ occurs over a wide pH range, which would 
prove useful in industrial applications. A. flocculosa performs very well at low 
concentrations, and removes nearly all mercury from solution (92% at C = 100 ppm). 
100% mercury adsorbed can be recovered from both strains when used for one cycle. A. 
flocculosa shows an ability to be regenerated with >90% recovery of mercury for at least 
four cycles if NRiCl is used as the regeneration reagent. 
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CHAPTER 3. 
GENERAL CONCLUSION 
Conclusions 
This dissertation focuses on the use of cyanobacteria as a biosorbent for the 
accumulation of mercury. 
Both Aphanothece flocculosa and Spirulina platensis are excellent biosorbents for 
the uptake of mercury. At room temperature and pH 6.00, and an initial Hg2+ 
concentration of ca. 1000 ppm, A. flocculosa and S. platensis have maximum uptake 
values of 456 and 428 mg Hg2+/g dry biomass, respectively. A. jlocculosa has a better 
tolerance for lower pH values, whereas S. platensis performs better at higher pH values. 
However, both perform best at pH 6.00. 
The cyanobacteria strains have a dependence on initial concentration ( C;). As C; 
increases, the saturation point is also increased. At lower concentrations A. jlocculosa 
can remove nearly all of the mercury(II) in solution ( > 90%). The strains also have a 
dependency on chloride ion concentration. As er concentration is increased, mercury 
uptake decreases. 
Other metal(II) ions have a synergistic effect on the uptake of mercury by both A. 
flocculosa and S. platensis. This is most likely due to exposure of more mercury binding 
sites after the binding of a co-ion. 
A. flocculosa has the ability to be regenerated. More than 90% of mercury 
adsorbed can be desorbed for four cycles using °NH4Cl as a regeneration reagent. The 
uptake value is slightly increased after the first cycle and then remains steady. Using HCl 
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for S. platensis, I 00% mercury recovery is attained after one cycle. The ability of S. 
platensis to be regenerated is limited. 
Future Work 
There is much work for the future of this project. The work completed so far 
gives a solid beginning for many other studies. 
First, temperature dependence should be thoroughly investigated. This would 
give insight as to the nature of uptake of mercury since internalization into the cell is a 
thermodynamic process. 
Other experiments should be done with inactivated (heat-killed, lyophilized and 
crushed) cyanobacteria. Due to the changes in the cells during these processes, uptake 
could either increase or decrease. Electronmicroscopy would give insight to the state of 
the cells before and after mercury uptake. 
Infrared spectroscopy could also give insight into which external groups 
(phosphate, amide or carboxyl) that are involved in mercury binding. One could examine 
the shift values for such groups and estimate their role. 
The co-ion investigation needs to be expanded to understand the overall ability of 
these strains. Using atomic adsorption spectroscopy for the co-ions as well as for 
mercury would lead to a more accurate uptake capacity. It could also confirm the 
synergistic effect that was observed in this study. 
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